Endogenous RNAi (endoRNAi) identifies a heterologous but interrelated array of small RNA-mediated phenomena triggered by and directing the silencing of endogenous sequences. EndoRNAi mechanisms target aberrant transcripts and repetitive and mobile RNA sequences, as well as bona fide messenger RNAs. In most endoRNAi mechanisms, the underlying molecular events remain poorly defined but appear to be almost as diverse as the targeted loci. A great variety of triggers can initiate endoRNAi in different cell types and species, each resulting in specific modes of small RNA biogenesis, response amplification, and gene silencing. In spite of such diversity, redundant themes prevail among the endoRNAi mechanisms. Our objective was to capture most of those themes. Note that, although it would conceptually fit within the continuum of endoRNAi mechanisms, canonical microRNA-mediated silencing is usually considered separately. This specific pathway has been extensively reviewed and is therefore not included in this SnapShot. In certain species of yeasts, protozoa (such as Tetrahymena thermophila), plants, and a subset of animal phyla, which includes nematodes (left), RNA-dependent RNA polymerases (RdRPs), are central to the multiple steps of endoRNAi. Strikingly, they are missing from many metazoan genomes, including vertebrates, hence defining a significant fracture line in the continuum of endoRNAi mechanisms. RdRPs can play at least two distinct roles in endoRNAi. They generate dsRNA triggers from single-stranded or loosely structured RNA precursors, which would otherwise not be recognized by the Dicer family of dsRNA-specific nucleases. This is thought to be the case in mechanisms including nat-siRNAi initiation (Arabidopsis thaliana and other plants), in ERI endoRNAi in C. elegans (left panel, central cameo), and in the self-enforcing loop of heterochromatin RNAi in S. pombe (bottom panel, left cameo). RdRPs also play a role in amplifying and sustaining an RNAi response over time through the production of an abundant pool of small RNAs in a target-dependent manner. Such small RNAs have been termed secondary siRNAs in some papers, relatively to primary siRNAs, which are derived from the mechanistic trigger. In certain mechanisms, secondary siRNAs are thought to be specified by the recruitment of an RdRP through interactions with RISC on the target transcript, whereas in other cases, RdRP recruitment appears to follow slicing of the target. The requirement of Dicer-like enzymes in processing RdRP products is also different in each particular mechanism. Biogenesis of secondary siRNAs can involve dicing of the newly synthesized dsRNA, whereas in other cases, RdRPs can directly synthesize single-stranded siRNAs of the proper size.
In species in which endoRNAi functions without RdRPs (right panel), mechanisms can be triggered by dsRNAs generated from inverted and repeated sequences, convergent transcription, partially base-pairing transcripts encoded in separate loci, or a diversity of structured RNA precursors. Depending on the pathway, it is suspected, inferred, or known that resulting stretches of dsRNA are processed by Dicer-like enzymes to generate siRNAs. As with RdRP-dependent endoRNAi mechanisms, certain RdRP-independent pathways have also evolved to bypass Dicer-like activities. This is the case for mechanisms dictated by piRNAs, at least in their amplification or maintenance phase, the pingpong cycles (right panel, central cameo). In spite of their apparent mechanistic divergence, significant parallels can be drawn between RdRP-dependent endoRNAi and the piRNA-mediated pathway in particular. Most striking is that they both use the actual target transcript to amplify functional small RNA pools and the fact that they both mediate an asymmetric enrichment of small RNAs of a specific orientation (sense versus antisense). It can also be noticed that the ping-pong cycles of piRNAs and RdRP-mediated generation of dsRNA followed by dicing both result in turnover of the mRNA acting as template. However, it is still unclear in either case whether this consumption of the target by the small RNA amplification process itself contributes to a functionally significant portion of the gene silencing activity.
As when triggered by exogenous sources of dsRNA, gene silencing by endoRNAi features a number of effector complexes scaffolded around the members of the Argonaute family of proteins. Such complexes elicit a variety of transcriptional (nuclear RNAi, bottom panel) and posttranscriptional mechanisms (central cameo). Targeting by endoRNAi is often organized as gene inhibitory loops, wherein small RNAs direct silencing activities to their own triggering locus. This is the case for certain targets of ERI endoRNAi, for example. Other endoRNAi targets are silenced in trans. Such a scenario prevails, for example, when particular microRNAs (in tasiRNAi), piRNAs (including the related C. elegans 21U-RNAs), endo-siRNAs, or the downstream secondary siRNAs match sequences found in a locus or loci distinct from the triggering locus. Posttranscriptional effector mechanisms include but may not be limited to direct Argonaute slicer activity, target deadenylation and destabilization, and translational repression. Nuclear RNAi also involves multiple effector activities. Among them, histone tail modification and the consequent chromatin reorganization appear to be common to many endoRNAi pathways. In certain organisms and cells, however, evidence also supports switch in histone types or direct DNA methylation on the target locus. Finally, it was also suggested that some nuclear RNAi effector activities may directly impinge on RNA polymerase activity.
An emerging and defining feature of endoRNAi is the hierarchic and intricate nature of the crosstalk between its mechanisms and with other RNAi pathways. Under certain conditions, endoRNAi and other co-acting RNAi mechanisms may function in parallel, compete, or feed one into another. For example, it is known that ERI endoRNAi and the canonical RNAi pathway compete for a common limiting pool of Argonautes, which associate with secondary siRNAs in C. elegans. Consequently, loss of ERI endoRNAi results in enhancement of the RNAi response to exogenous dsRNA triggers. Recent evidence supports the idea that distinct kinds of small RNAs can also elicit the synthesis of secondary siRNAs by RdRPs (left panel, alternative RISC input). A good example of this is tasiRNAi in land plants, wherein targeting by specific miRNAs commends the recruitment of an RdRP to synthesize secondary siRNAs on the target, rather than the canonical miRNA response. The 21U-siRNAs can also trigger secondary siRNA synthesis in C. elegans, which can lead to stable, inheritable transcriptional silencing. Surprisingly, the CSR-1 Argonaute can antagonize the silencing functions of 21U-siRNAs. Thus, antagonistic endoRNAi mechanisms can lead not only to silencing, but also to licensing of gene expression (Licensing, bottom panel).
The extent of the interconnections between endoRNAi mechanisms through phylogeny may constitute the living vestiges of the most ancient RNAi pathways.
